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(57) ABSTRACT

A homeostatic circuit for neural networks includes a feed-
back circuit, a first electronic switch, a synapse circuit, a
second electronic switch, a third electronic switch and a first
capacitor. The feedback circuit 1s configured to receive the
total synaptic driving current and output a feedback voltage
which varies with the total synaptic driving current. The first
clectronic switch 1s connected with the synapse circuit and
the second electronic switch and configured to receive the

teedback voltage and output a current control signal accord-
ing to the feedback voltage. The second electronic switch 1s
connected with the synapse circuit and the third electronic
switch and configured to output a first voltage signal accord-
ing to the current control signal. The third electronic switch
1s configured to adjust the total synaptic driving current in a
direction opposite to variation tendency of the total synaptic
driving current according to the first voltage signal.

20 Claims, 4 Drawing Sheets
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HOMEOSTATIC CIRCUIT FOR NEURAL
NETWORKS

FIELD OF TH.

L1

PATENT APPLICATION

The present patent application generally relates to medical
clectronics and more specifically to a homeostatic circuit for
neural networks.

BACKGROUND

The hardware implementation of a neural network system
requires that a circuit should work against the drifts pro-
duced by the neural network system under the influence of
certain external conditions. For example, when the tempera-
ture varies, the mput of the system may vary. In order to
realize the stable operation of the neural network, the circuit
must take proper homeostatic actions to adapt to such
variations and keep the system working around an operating,
point. A feature of the atorementioned variations 1s that the
time scale 1s relatively long, which requires that the time
period for the homeostatic actions of the circuit should be
relatively long. Otherwise, the homeostatic actions will
interfere with the signal processing or learning mechanism
of the neural network.

Conventional homeostatic actions for neural networks are
generally realized by floating gate transistors or solftware
control and often require an external memory and a proces-
sor at the same time, which leads to high power consump-
tion, high cost and difficulty in realizing large-scale and
high-density mtegration with other artificial neural comput-
ing systems.

SUMMARY

The present patent application 1s directed to a homeostatic
circuit for neural networks configured to keep a total syn-
aptic driving current 1n a predetermined range around an
optimal operating point. In one aspect, the homeostatic
circuit for neural networks includes a feedback circuit; a first
clectronic switch; a synapse circuit; a second electronic
switch; a third electronic switch; a first capacitor; and a
fourth electronic switch. The feedback circuit 1s configured
to receive the total synaptic driving current and output a
teedback voltage which varies with the total synaptic driving
current. The first electronic switch 1s electrically connected
with the synapse circuit and the second electronic switch and
configured to receive the feedback voltage and output a
current control signal according to the feedback voltage. The
gate electrode of the first electronic switch 1s electrically
connected with the feedback circuit. The second electronic
switch 1s electrically connected with the synapse circuit and
the third electronic switch and configured to output a first
voltage signal according to the current control signal. The
drain electrode of the third electronic switch 1s electrically
connected with the feedback circuit. The third electronic
switch 1s configured to adjust the total synaptic driving
current 1n a direction opposite to variation tendency of the
total synaptic driving current according to the first voltage
signal so as to keep the total synaptic driving current 1n the
predetermined range. One end of the first capacitor 1s
clectrically connected with a power supply voltage while the
other end of the first capacitor 1s electrically connected with
the third electronic switch. The total synaptic driving current
1s produced by the integrating eflect of the homeostatic
circuit for neural networks through the first capacitor. The
fourth electromic switch 1s electrically connected with the
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2

second electronic switch and configured to provide a con-
stant current for the second electronic switch so that varia-
tion tendency of the first voltage signal i1s the same as
variation tendency of the current control signal. The feed-
back circuit includes a comparator and a control voltage
generator which are electrically connected with each other.
The comparator includes a first input port, a second 1nput
port and an output port. The first input port 1s configured to
receive a relference current, the second input port being
configured to receive the total synaptic driving current and
the output port being configured to output a second voltage
signal. The control voltage generator 1s configured to receive
the second voltage signal and produce the feedback voltage.
The control voltage generator includes a fifth electronic
switch, a first voltage module, a second voltage module, a
third voltage module and a second capacitor, the fifth
clectronic switch being electrically connected with the first
voltage module, the second voltage module, the third volt-
age module and the second capacitor. The first voltage
module 1s configured to provide a first comparison voltage
tor the fifth electronic switch. The second voltage module 1s
configured to provide a second comparison voltage for the
fifth electronic switch. The third voltage module 1s config-
ured to control conducting state of the fifth electronic switch.
The second capacitor 1s configured to output the feedback
voltage. When the first comparison voltage 1s greater than
the second comparison voltage, the second capacitor i1s
controlled by the fifth electronic switch to be charged. When
the first comparison voltage 1s lower than the second com-
parison voltage, the fifth electronic switch controls the
second capacitor to be discharged so as to control the
teedback voltage to vary slowly.

The first electronic switch and the second electronic
switch may be N-type Metal-Oxide Semiconductor Field
Effect Transistors while the third electronic switch, the
fourth electronic switch and the fifth electronic switch may
be P-type Metal-Oxide Semiconductor Field Effect Transis-
tors.

In another aspect, the present patent application provides
a homeostatic circuit for neural networks. The homeostatic
circuit for neural networks includes a feedback circuit; a first
clectronic switch; a synapse circuit; a second electronic
switch; a third electronic switch; and a first capacitor. The
teedback circuit 1s configured to receive the total synaptic
driving current and output a feedback voltage varying with
the total synaptic driving current. The first electronic switch
1s electrically connected with the synapse circuit and the
second electronic switch and configured to receirve the
teedback voltage and output a current control signal accord
ing to the feedback voltage. The gate electrode of the first
clectronic switch 1s electrically connected with the feedback
circuit. The second electronic switch 1s electrically con-
nected with the synapse circuit and the third electronic
switch and configured to output a first voltage signal accord-
ing to the current control signal. The drain electrode of the
third electronic switch 1s electrically connected with the
teedback circuit. The third electronic switch 1s configured to
adjust the total synaptic driving current in a direction
opposite to variation tendency of the total synaptic driving
current according to the first voltage signal so as to keep the
total synaptic driving current in the predetermined range.
One end of the first capacitor 1s electrically connected with
a power supply voltage while the other end of the first
capacitor 1s electrically connected with the third electronic
switch. The total synaptic driving current 1s produced by the
integrating eflect of the homeostatic circuit for neural net-
works through the first capacitor.
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Variation tendency of the feedback voltage, the current
control signal and the first voltage signal may be the same
as variation tendency of the total synaptic driving current.
The homeostatic circuit for neural networks may further
include a fourth electronic switch. The fourth electronic
switch may be electrically connected with the second elec-
tronic switch and configured to provide a constant current
for the second electronic switch so that variation tendency of
the first voltage signal may be the same as variation ten-
dency of the current control signal.

The first electronic switch and the second electronic
switch may be N-type Metal-Oxide Semiconductor Field
Effect Transistors. The third electronic switch and the fourth
clectronic switch may be P-type Metal-Oxide Semiconduc-
tor Field Effect Transistors. The drain electrode of the first
clectronic switch may be eclectrically connected with a
power supply voltage, and the source electrode of the first
clectronic switch may be electrically connected with the
synapse circuit. The gate electrode of the second electronic
switch may be electrically connected with the gate electrode
of the third electronic switch, the drain electrode of the
second electronic switch may be electrically connected with
the drain electrode of the fourth electronic switch, and the
source electrode of the second electronic switch may be
clectrically connected with the synapse circuit. The source
electrode of the third electronic switch may be electrically
connected with the power supply voltage. The gate electrode
ol the fourth electronic switch may be electrically connected
with a first biasing voltage and the source electrode of the
fourth electronic switch may be electrically connected with
the power supply voltage.

The feedback circuit may include a comparator and a
control voltage generator which may be electrically con-
nected with each other. The comparator may include a first
input port, a second input port and an output port. The first
input port may be configured to receive a reference current.
The second input port may be configured to receive the total
synaptic driving current. The output port may be configured
to output a second voltage signal. The control voltage
generator may be configured to receive the second voltage
signal and produce the feedback voltage.

The control voltage generator may include a fifth elec-
tronic switch, a first voltage module, a second voltage
module, a third voltage module and a second capacitor, the
fifth electronic switch being electrically connected with the
first voltage module, the second voltage module, the third
voltage module and the second capacitor. The first voltage
module may be configured to provide a first comparison
voltage for the fifth electronic switch. The second voltage
module may be configured to provide a second comparison
voltage for the fifth electromic switch. The third voltage
module may be configured to control conducting state of the
fifth electronic switch. The second capacitor may be con-
figured to output the feedback voltage. When the first
comparison voltage may be greater than the second com-
parison voltage, the second capacitor may be controlled by
the fifth electronic switch to be charged. When the first
comparison voltage may be lower than the second compari-
son voltage, the fifth electronic switch may control the
second capacitor to be discharged so as to control the
teedback voltage to vary slowly.

The first voltage module may include a sixth electronic
switch, a seventh electronic switch, a first amplifier and an
eighth electronic switch. The second voltage module may
include a second amplifier. The third voltage module may
include a ninth electronic switch. The fifth electronic switch,
the sixth electronic switch, the eighth electronic switch and
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4

the ninth electronic switch may be P-type Metal-Oxide
Semiconductor Field Effect Transistors. The seventh elec-
tronic switch may be an N-type Metal-Oxide Semiconductor
Field Effect Transistor. The source electrode of the fifth
clectronic switch may be electrically connected with the first
voltage module. The drain electrode of the fifth electronic
switch may be electrically connected with the second volt-
age module and the second capacitor. The gate electrode of
the fifth electronic switch may be electrically connected with
the third voltage module. The gate electrode of the sixth
clectronic switch may receive the second voltage signal. The
source electrode of the sixth electronic switch may receive
a first predetermined voltage. The drain electrode of the
s1xth electronic switch may be electrically connected with
the positive input port of the first amplifier. The gate
clectrode of the seventh electronic switch may receive the
second voltage signal. The drain electrode of the seventh
clectronic switch may receive a second predetermined volt-
age. The source electrode of the seventh electronic switch
may be electrically connected with the positive input port of
the first amplifier. The negative input port of the first
amplifier may be electrically connected with the output port
of the first amplifier and the source electrode of the eighth
clectronic switch.

The gate electrode of the eighth electronic switch may
receive a reset voltage; the drain electrode of the eighth
clectronic switch may be electrically connected with the
source electrode of the fifth electronic switch. The negative
input port of the second amplifier may be electrically
connected with the drain electrode of the fifth electronic
switch; the positive input port of the second amplifier may
receive a reference voltage; the output port of the second
amplifier may be electrically connected with a port of the
second capacitor which outputs the feedback voltage. The
gate electrode of the ninth electronic switch may receive the
reset voltage; the source electrode of the ninth electronic
switch may receive a second biasing voltage; the drain
clectrode of the ninth electronic switch may be electrically
connected with the gate electrode of the fifth electronic
switch.

The control voltage generator may further include a reset
module. The reset module may be electrically connected
with the second capacitor and configured to discharge the
second capacitor completely so as to deplete the charges of
the second capacitor and reset the second capacitor. The
reset module may include a tenth electronic switch and an
cleventh electronic switch. The tenth electronic switch may
be an N-type Metal-Oxide Semiconductor Field Effect Tran-
sistor while the eleventh electronic switch may be a P-type
Metal-Oxide Semiconductor Field Effect Transistor. The
gate electrode of the tenth electronic switch may receive the
reset voltage, the source electrode of the tenth electronic
switch may be connected to the ground, and the drain
clectrode of the tenth electronic switch may be electrically
connected with the gate electrode of the fifth electronic
switch. The gate electrode of the eleventh electronic switch
may receive a reversed voltage of the reset voltage, the
source electrode of the eleventh electronic switch may be
clectrically connected with the source electrode of the fifth
electronic switch, the drain electrode of the eleventh elec-
tronic switch may be electrically connected with a port of the
second capacitor which outputs the feedback voltage. When
the tenth electronic switch and the eleventh electronic switch
may be conducted, the second capacitor may be discharged.
When discharging of the second capacitor may be finished,
the tenth electronic switch and the eleventh electronic switch
may be disconnected.
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In yet another aspect, the present patent application pro-
vides a homeostatic circuit for neural networks. The homeo-
static circuit for neural networks includes a feedback circuit;
a first electronic switch; a synapse circuit; a second elec-
tronic switch; a third electronic switch; and a first capacitor.
The first electronic switch 1s electrically connected with the
synapse circuit and the second electronic switch and con-
figured to receive the feedback voltage and output a current
control signal according to the feedback voltage. The gate
clectrode of the first electronic switch 1s electrically con-
nected with the feedback circuit. The second electronic
switch 1s electrically connected with the synapse circuit and
the third electronic switch and configured to output a first
voltage signal according to the current control signal. The
drain electrode of the third electronic switch 1s electrically
connected with the feedback circuit. The third electronic
switch 1s configured to adjust the total synaptic driving
current 1n a direction opposite to variation tendency of the
total synaptic driving current according to the first voltage
signal so as to keep the total synaptic driving current 1n the
predetermined range.

One end of the first capacitor 1s electrically connected
with a power supply voltage while the other end of the first
capacitor 1s electrically connected with the third electronic
switch.

The feedback circuit may be configured to receive the
total synaptic driving current and output a feedback voltage
varying with the total synaptic driving current. The total
synaptic driving current may be produced by the integrating
ellect of the homeostatic circuit for neural networks through
the first capacitor. Variation tendency of the feedback volt-
age, the current control signal and the first voltage signal
may be the same as variation tendency of the total synaptic
driving current.

The homeostatic circuit for neural networks may further
include a fourth electronic switch. The fourth electronic
switch may be electrically connected with the second elec-
tronic switch and configured to provide a constant current
tor the second electronic switch so that vaniation tendency of
the first voltage signal may be the same as variation ten-
dency of the current control signal.

The first electronic switch and the second electronic
switch may be N-type Metal-Oxide Semiconductor Field
Effect Transistors. The third electronic switch and the fourth
clectronic switch may be P-type Metal-Oxide Semiconduc-
tor Field Effect Transistors. The drain electrode of the first
clectronic switch may be eclectrically connected with a
power supply voltage, and the source electrode of the first
clectronic switch may be electrically connected with the
synapse circuit. The gate electrode of the second electronic
switch may be electrically connected with the gate electrode
of the third electronic switch, the drain electrode of the
second electronic switch may be electrically connected with
the drain electrode of the fourth electronic switch, and the
source electrode of the second electronic switch may be
clectrically connected with the synapse circuit. The source
clectrode of the third electronic switch may be electrically
connected with the power supply voltage. The gate electrode
of the fourth electronic switch may be electrically connected
with a first biasing voltage and the source electrode of the
tourth electronic switch may be electrically connected with
the power supply voltage.

The feedback circuit may include a comparator and a
control voltage generator which are electrically connected
with each other. The comparator may include a first input
port, a second input port and an output port. The first input
port may be configured to receive a reference current. The
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second 1nput port may be configured to receive the total
synaptic driving current. The output port may be configured
to output a second voltage signal. The control voltage
generator may be configured to receive the second voltage
signal and produce the feedback voltage.

The control voltage generator may include a fifth elec-
tronic switch, a first voltage module, a second voltage
module, a third voltage module and a second capacitor, the
fifth electronic switch being electrically connected with the
first voltage module, the second voltage module, the third
voltage module and the second capacitor. The first voltage
module may be configured to provide a first comparison
voltage for the fifth electronic switch. The second voltage
module may be configured to provide a second comparison
voltage for the fifth electronic switch. The third voltage
module may be configured to control conducting state of the
fifth electromic switch. The second capacitor may be con-
figured to output the feedback voltage. When the first
comparison voltage may be greater than the second com-
parison voltage, the second capacitor may be controlled by
the fifth electronic switch to be charged. When the first
comparison voltage may be lower than the second compari-
son voltage, the fifth electronic switch may control the
second capacitor to be discharged so as to control the
teedback voltage to vary slowly.

The first voltage module may include a sixth electronic
switch, a seventh electronic switch, a first amplifier and an
eighth electronic switch. The second voltage module may
include a second amplifier. The third voltage module may
include a ninth electronic switch. The fifth electronic switch,
the sixth electronic switch, the eighth electronic switch and
the ninth electronic switch may be P-type Metal-Oxide
Semiconductor Field Effect Transistors. The seventh elec-
tronic switch may be an N-type Metal-Oxide Semiconductor
Field Effect Transistor. The source electrode of the fifth
clectronic switch may be electrically connected with the first
voltage module. The drain electrode of the fifth electronic
switch may be electrically connected with the second volt-
age module and the second capacitor. The gate electrode of
the fifth electronic switch may be electrically connected with
the third voltage module. The gate electrode of the sixth
clectronic switch may receive the second voltage signal. The
source electrode of the sixth electronic switch may receive
a first predetermined voltage. The drain electrode of the
sixth electronic switch may be electrically connected with
the positive mput port of the first amplifier. The gate
clectrode of the seventh electronic switch may receive the
second voltage signal. The drain electrode of the seventh
clectronic switch may receive a second predetermined volt-
age. The source electrode of the seventh electronic switch
may be electrically connected with the positive input port of
the first amplifier. The negative input port of the first
amplifier may be electrically connected with the output port
of the first amplifier and the source electrode of the eighth
clectronic switch.

The gate electrode of the eighth electronic switch may
receive a reset voltage; the drain electrode of the eighth
clectronic switch may be electrically connected with the
source electrode of the fifth electronic switch. The negative
iput port of the second amplifier may be electrically
connected with the drain electrode of the fifth electronic
switch; the positive input port of the second amplifier may
receive a reference voltage; the output port of the second
amplifier may be electrically connected with a port of the
second capacitor which outputs the feedback voltage. The
gate electrode of the ninth electronic switch may receive the
reset voltage; the source electrode of the ninth electronic
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switch may receive a second biasing voltage; the drain
clectrode of the ninth electronic switch may be electrically
connected with the gate electrode of the fifth electronic
switch.

The control voltage generator may further include a reset
module. The reset module may be electrically connected
with the second capacitor and configured to discharge the
second capacitor completely so as to deplete the charges of
the second capacitor and reset the second capacitor. The
reset module may include a tenth electronic switch and an
cleventh electronic switch. The tenth electronic switch may
be an N-type Metal-Oxide Semiconductor Field Effect Tran-
sistor while the eleventh electronic switch may be a P-type
Metal-Oxide Semiconductor Field Effect Transistor. The
gate electrode of the tenth electronic switch may receive the
reset voltage, the source electrode of the tenth electronic
switch may be connected to the ground, and the drain
clectrode of the tenth electronic switch may be electrically
connected with the gate electrode of the fifth electronic
switch. The gate electrode of the eleventh electronic switch
may receive a reversed voltage of the reset voltage, the
source e¢lectrode of the eleventh electronic switch may be
clectrically connected with the source electrode of the fifth
electronic switch, the drain electrode of the eleventh elec-
tronic switch may be electrically connected with a port of the
second capacitor which outputs the feedback voltage. When
the tenth electronic switch and the eleventh electronic switch
may be conducted, the second capacitor may be discharged.
When discharging of the second capacitor may be finished,
the tenth electronic switch and the eleventh electronic switch
may be disconnected.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic circuit diagram of a homeostatic
circuit for neural networks 1n accordance with an embodi-
ment of the present patent application.

FIG. 2 1s a schematic circuit diagram of a feedback circuit
of the homeostatic circuit for neural networks as depicted 1n
FIG. 1.

FIG. 3 1s a block diagram of a control voltage generator
of the homeostatic circuit for neural networks as depicted 1n
FIG. 1.

FIG. 4 1s a schematic circuit diagram of the control
voltage generator as depicted 1n FIG. 3.

DETAILED DESCRIPTION

Reference will now be made in detail to a preferred
embodiment of the homeostatic circuit for neural networks
disclosed in the present patent application, examples of
which are also provided 1n the following description. Exem-
plary embodiments of the homeostatic circuit for neural
networks disclosed in the present patent application are
described 1n detail, although 1t will be apparent to those
skilled 1n the relevant art that some features that are not
particularly important to an understanding of the homeo-
static circuit for neural networks may not be shown for the
sake of clarity.

Furthermore, 1t should be understood that the homeostatic
circuit for neural networks disclosed 1n the present patent
application 1s not limited to the precise embodiments
described below and that various changes and modifications
thereol may be eflected by one skilled in the art without
departing from the spirit or scope of the protection. For
example, elements and/or features of different illustrative
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8

embodiments may be combined with each other and/or
substituted for each other within the scope of this disclosure.

FIG. 1 1s a schematic circuit diagram of a homeostatic
circuit for neural networks 1n accordance with an embodi-
ment of the present patent application. The homeostatic
circuit 100 for neural networks 1s configured to keep a total
synaptic driving current 10 1n a predetermined range around
an optimal operating point, while not aflecting the signal
processing and learning mechanism of the neural network.
Referring to FIG. 1, the homeostatic circuit 100 for neural
networks includes a synapse circuit 101, a feedback circuit
20, a first electronic switch 11, a second electronic switch
12, a third electronic switch 13 and a first capacitor CI.

The synapse circuit 101 1s configured to receive a total
weighted current It for all synapses and split the total
weilghted current It into multiple local currents, each local
current corresponding to each synapse, so as to transmit the
local currents to the corresponding synapses respectively.
The local current of each synapse varies with the signal
processing and learning mechamism of the neural network.

The feedback circuit 20 1s configured to receive the total
synaptic driving current 10 and output a feedback voltage Vx
which varies with the total synaptic driving current 10. The
total synaptic driving current 10 represents the overall degree
of activity of a neuron, which has global effects and varies
with the external environment. The variation of the total
synaptic driving current 10 1s relatively independent from the
variation of the mput current It of the synapse circuit 101.

The first electronic switch 11 1s electromically connected
with the synapse circuit 101 and the second electronic
switch 12 and configured to receive the feedback voltage Vx
and output a current control signal I1 according to the
teedback voltage Vx. The second electronic switch 12 1s
clectrically connected with the synapse circuit 101 and the
third electronic switch 13 and configured to output a first
voltage signal V0 according to the current control signal I1.
The third electronic switch 13 1s configured to adjust the
total synaptic driving current 10 1n a direction opposite to the
variation tendency of the total synaptic driving current 10
according to the first voltage signal V0 so as to keep the total
synaptic driving current 10 1n the predetermined range. One
port of the first capacitor CI 1s electrically connected with a
power supply voltage VDD while the other port of the first
capacitor CI 1s electrically connected with the third elec-
tronic switch 13. The total synaptic driving current 10 1s
produced by the integrating eflfect of the homeostatic circuit
100 for neural networks through the first capacitor CI and
eventually directed to a neural network circuit (not shown 1n
the figures) so that a neuron signal 1s produced based on the
total synaptic driving current 10.

In this embodiment, the variation tendencies of the feed-
back voltage VX, the current control signal 11 and the first
voltage signal V0 are the same as that of the total synaptic
driving current I10.

The homeostatic circuit 100 for neural networks further
includes a fourth electronic switch 14. The fourth electronic
switch 14 1s electrically connected with the second elec-

tronic switch 12 and configured to provide a constant current
for the second electronic switch 12, so that the variation
tendency of the first voltage signal V0 1s the same as that of
the current control signal I1.

In this embodiment, the first electronic switch 11 and the
second electronic switch 12 are N-type Metal-Oxide Semi-
conductor Field Effect Transistors while the third electronic
switch 13 and the fourth electronic switch 14 are P-type
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Metal-Oxi1de Semiconductor Field Effect Transistors, each
including a gate electrode, a drain electrode and a source
clectrode.

The gate electrode of the first electronic switch 11 1s
clectrically connected with the feedback circuit 20, the drain
clectrode of the first electronic switch 11 being electrically
connected with a power supply voltage VDD, and the source
clectrode of the first electronic switch 11 being electrically
connected with the synapse circuit 101. The gate electrode
of the second electronic switch 12 1s electrically connected
with the gate electrode of the third electronic switch 13, the
drain electrode of the second electronic switch 12 being
clectrically connected with the drain electrode of the fourth
clectronic switch 14 and the source electrode of the second
clectronic switch 12 being electrically connected with the
synapse circuit 101. The drain electrode of the third elec-
tronic switch 13 1s electrically connected with the feedback
circuit 20 while the source electrode of the third electronic

switch 13 1s electrically connected with the power supply
voltage VDD. The gate electrode of the fourth electronic
switch 14 1s electrically connected with a first biasing
voltage VB1 while the source electrode of the fourth elec-
tronic switch 14 1s electrically connected with the power
supply voltage VDD.

The working principle of the homeostatic circuit 100 for
neural networks 1s as follows: when the total synaptic
driving current 10 increases and 10 1s greater than a reference
current IR, the feedback voltage Vx produced by the feed-
back circuit 20 increases so that 10 decreases (suppressing
the 1ncrease of 10 and reducing 10 to IR); when the total
synaptic driving current 10 decreases and 10 1s lower than the
reference current IR, the feedback voltage Vx produced by
the feedback circuit 20 decreases so that 10 increases (sup-
pressing the decrease of 10 and increasing 10 to IR). The
alorementioned process 1s slow and takes a relatively long
time to finish.

In order to make 1t convenient to describe the working
process, reference points a, b, d, € and 1 are referred to in the
homeostatic circuit 100 for neural networks, wherein the
reference point a 1s set at the gate electrode of the first
clectronic switch 11, the reference point b being set at the
source electrode of the first electronic switch 11, the refer-
ence point d being set at the gate electrode of the fourth
clectronic switch 14, the reference point € being set at the
gate electrode of the second electronic switch 12, and the
reference point 1 being set at the gate electrode of the third
clectronic switch 13.

Specifically, when the total synaptic driving current 10
increases, the feedback voltage VX increases. As a result, Va
increases and Ib increases. Since the voltage VB1 of the
reference point d i1s constant, the voltage difference VDD-
VBI1 between the source electrode and the gate electrode of
the fourth electronic switch 14 1s constant, so that the current
flowing through the fourth electronic switch 14 to the second
electronic switch 12 1s constant. Therefore, when Ib
increases, le inevitably increases, and therefore the first
voltage signal VO increases which leads to the increase of
V1. As a result, the voltage difference VDD-VT between the
source electrode and the gate electrode of the third electronic
switch 13 decreases, which reduces the current 10 flowing
through the drain electrode of the third electronic switch 13
to the reference current IR. And vice versa, when the total
synaptic driving current 10 decreases, the feedback voltage
Vx decreases and therefore Va and Ib decrease which leads
to the decrease of Ie. As a result, the first voltage signal V0
decreases which leads to the decrease of VI and therefore
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VDD-VT increases, which increases the current 10 flowing
through the drain electrode of the third electronic switch 13
to the reference current IR.

Referring to FIG. 2, the feedback circuit 20 includes a
comparator 21 and a control voltage generator 30 which are
clectrically connected with each other.

The comparator 21 includes a first input port 21a, a
second mput port 215 and an output port 21¢. The first input
port 21a 1s configured to receive the reference current IR and
the second mput port 215 1s configured to receive the total
synaptic drniving current 10 and the output port 21c 1s
configured to output a second voltage signal Vc.

The working principle of the feedback circuit 20 1s: when
10 1s greater than IR, Vc=1 and the feedback voltage Vx
increases; when 10 1s lower than IR, Vc=0 and the feedback
voltage VX decreases.

Referring to FIG. 3, the control voltage generator 30 1s
configured to receive the second voltage signal Vc and
produce the feedback voltage V. The control voltage gen-
erator 30 1ncludes a fifth electronic switch 15, a first voltage
module 31, a second voltage module 32, a third voltage
module 33 and a second capacitor C0. The fifth electronic
switch 15 1s electrically connected with the first voltage
module 31, the second voltage module 32, the third voltage
module 33 and the second capacitor CO0.

The first voltage module 31 1s configured to provide a first
comparison voltage V3 for the fifth electronic switch 15. The
second voltage module 32 1s configured to provide a second
comparison voltage V4 for the fifth electronic switch 15. The
third voltage module 33 1s configured to control the con-
ducting state of the fifth electronic switch 15. The second
capacitor CO0 1s configured to output the feedback voltage
Vx. When the first comparison voltage V3 is greater than the
second comparison voltage V4, the second capacitor CO 1s
controlled by the fifth electronic switch 135 to be charged.
When the first comparison voltage V3 1s lower than the
second comparison voltage V4, the {ifth electronic switch 15
controls the second capacitor C0 to be discharged so as to
control the feedback voltage Vx to vary slowly.

Retferring to FIG. 4, the first voltage module 31 includes
a sixth electronic switch 16, a seventh electronic switch 17,
a first amplifier 311 and an eighth electronic switch 18. The
second voltage module 32 includes a second amplifier 321.
The third voltage module 33 includes a ninth electronic
switch 19.

In this embodiment, the fifth electronic switch 15, the
sixth electronic switch 16, the eighth electronic switch 18
and the ninth electronic switch 19 are P-type Metal-Oxide
Semiconductor Field Effect Transistors while the seventh
clectronic switch 17 1s an N-type Metal-Oxide Semiconduc-
tor Field Effect Transistor.

The source electrode of the fifth electronic switch 15 1s
clectrically connected with the first voltage module 31, the
drain electrode of the fifth electronic switch 15 being
clectrically connected with the second voltage module 32
and the second capacitor C0, and the gate electrode of the
fifth electronic switch 15 being electrically connected with
the third voltage module 33. The gate electrode of the sixth
clectronic switch 16 receives the second voltage signal Ve,
the source electrode of the sixth electronic switch 16
receives a first predetermined voltage V1, and the drain
clectrode of the sixth electronic switch 16 is electrically
connected with the positive mput port of the first amplifier
311. The gate electrode of the seventh electronic switch 17
receives the second voltage signal V¢, the drain electrode of
the seventh electronic switch 17 receives a second prede-
termined voltage V2, and the source electrode of the seventh
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clectronic switch 17 1s electrically connected with the posi-
tive iput port of the first amplifier 311. The negative input
port of the first amplifier 311 1s electrically connected with
the output port of the first amplifier 311 and the source
clectrode of the eighth electronic switch 18. The gate
clectrode of the eighth electronic switch 18 receives a reset
voltage VS while the drain electrode of the eighth electronic
switch 18 1s electrically connected with the source electrode
of the fifth electronic switch 15. The negative mput port of
the second amplifier 321 is electrically connected with the
drain electrode of the fifth electronic switch 15, the positive
input port of the second amplifier 321 receives a reference
voltage VR, and the output port of the second amplifier 321
1s electrically connected with one port of the second capaci-
tor CO0 which outputs the feedback voltage Vx. The gate
clectrode of the ninth electronic switch 19 recerves the reset
voltage VS, the source electrode of the ninth electronic
switch 19 receives a second biasing voltage VB2, and the
drain electrode of the ninth electronic switch 19 1s electr-
cally connected with the gate electrode of the fifth electronic
switch 15.

In addition, referring to FIG. 3, the control voltage
generator 30 further includes a reset module 34. The reset
module 34 1s electrically connected with the second capaci-
tor C0 and configured to discharge the second capacitor C0
completely so as to deplete the charges of the second
capacitor C0 and reset the second capacitor CO.

Referring to FIG. 4, the reset module 34 includes a tenth
clectronic switch 110 and an eleventh electronic switch 111.

In this embodiment, the tenth electronic switch 110 1s an
N-type Metal-Oxide Semiconductor Field Effect Transistor
and the eleventh electromic switch 111 1s a P-type Metal-
Oxide Semiconductor Field Effect Transistor.

The gate electrode of the tenth electronic switch 110
receives the reset voltage VS, the source electrode of the
tenth electronic switch 110 1s connected to the ground, and
the drain electrode of the tenth electronic switch 110 1s
clectrically connected with the gate electrode of the fifth
clectronic switch 15. The gate electrode of the eleventh
electronic switch 111 receives a reversed voltage VS of the
reset voltage, the source electrode of the eleventh electronic
switch 111 1s electrically connected with the source elec-
trode of the fifth electronic switch 15, and the drain electrode
of the eleventh electronic switch 111 1s electrically con-
nected with one port of the second capacitor C0 which
outputs the feedback voltage Vx.

The working principle of the reset module 34 is: control-
ling the conducting state of the tenth electromic switch 110
and the eleventh electronic switch 111 through controlling
the reset voltage VS. Specifically, when the homeostatic
circuit 100 for neural networks resets, the tenth electronic
switch 110 and the eleventh electronic switch 111 are
conducted so that the second capacitor CO 1s discharged.
When discharging of the second capacitor CO0 1s finished, the
homeostatic circuit 100 for neural networks finishes reset-
ting, and the tenth electronic switch 110 and the eleventh
clectronic switch 111 are disconnected.

To make i1t convenient to describe, the positive mnput port
of the first amplifier 311 1s referred to as a reference point k
and the source electrode of the eighth electronic switch 18
1s referred to as a reference point h.

The working process of the control voltage generator 30
1s: predetermiming the values of the first predetermined
voltage V1, the second predetermined voltage V2 and the
reference voltage VR so that V1>VR>V2. At the very
beginning, the reset voltage VS=1 while VS=0. The tenth
clectronic switch 110 and the eleventh electronic switch 111
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are conducted while the minth electronic switch 19 1s dis-
connected, so that the gate electrode of the fifth electronic
switch 15 1s directly connected to the ground and therefore
having an electric potential of zero. The fifth electronic
switch 15 1s conducted so that V3=V4. The second capacitor
CO0 1s discharged and when the second capacitor CO 1is
discharged completely and reset, the reset voltage VS=0.
Since VS=0, VS=1 so that the eleventh electronic switch 111
1s disconnected. At the same time, since the voltages of the
gate electrode of the tenth electronic switch 110 and the gate
electrode of the ninth electronic switch 19 are VS, after
being reset, the tenth electronic switch 110 1s disconnected
and the ninth electronic switch 19 1s conducted, so that the
biasing voltage VB2 of the source electrode of the ninth
clectronic switch 19 is transmitted to the gate electrode of
the fifth electronic switch 15 and VG=VB2.

(1) When Vc=1, the sixth electronic switch 16 1s discon-
nected and the seventh electronic switch 17 1s conducted, so
that Vk=V2. Since the reset voltage VS=0, the eighth
clectronic switch 18 1s conducted and V3=Vh. Under the
first amplifier 311 (when the magnification of the first
amplifier 311 1s very large), V1=~Vh, and in other words,
V3=V2. At the same time, under the second amplifier 321
(when the magnification of the second amplifier 321 1s very
large), V4=VR. Since the second biasing voltage VB2
received by the source electrode of the nminth electronic
switch 19 1s transmitted to the gate electrode of the fifth
electronic switch 15, VG=VB2. For the fifth electronic
switch 15, the voltage difference between the drain electrode
and the source celectrode VDS=VD-VS=V4-V3=VR-
V2>0. In other words, the voltage VD of the drain electrode
of the fifth electronic switch 15 1s greater than the voltage
VS of the source electrode of the fifth electronic switch 135
while the current flows from the drain electrode to the source
clectrode. Since the eleventh electronic switch 111 1s dis-
connected, the second capacitor C0 1s discharged slowly and
the feedback voltage Vx increases slowly.

(2) When VC=0, the sixth electronic switch 16 1s con-
ducted and the seventh electronic switch 17 1s disconnected,
so that Vk=V1. Since the reset voltage VS=0, the eighth
clectronic switch 18 1s conducted and V3=Vh. Under the
first amplifier 311, V1=Vh, and in other words, V3=V1. At
the same time, under the second amplifier 321, V4=VR.
Since the second biasing voltage VB2 received by the source
clectrode of the ninth electronic switch 19 1s transmitted to
the gate electrode of the fifth electronic switch 15, VG=VB2.
For the fifth electronic switch 15, the voltage difference
between the drain electrode and the source electrode
VDS=VD-VS8=V4-V3=VR-V2<0. In other words, the
voltage VD of the drain electrode of the fifth electronic
switch 15 1s lower than the voltage VS of the source
clectrode of the fifth electronic switch 15 while the current
flows from the source electrode to the drain electrode. Since
the eleventh electronic switch 111 1s disconnected, the
second capacitor C0 1s charged slowly and the feedback
voltage VX increases slowly.

From what 1s mentioned above, the control voltage gen-
erator 30 accurately adjusts the flowing direction of the
current between the source electrode and the drain electrode
of the fifth electronic switch 15 so as to charge or discharge
the second capacitor CO slowly for a long time, and accu-
rately adjusts the intensity of the current between the source
clectrode and the drain electrode of the fifth electronic
switch 135 so as to control the time period for charging and
discharging the second capacitor C0. Therefore, in the
present patent application, the second biasing voltage VB2
1s adjusted to a very small value (1.e. slightly lower than the
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conducting threshold of the fifth electronic switch 15 which
1s called “sub threshold™ for short), so that the value of the
current IDS between the source electrode and the drain
clectrode of the fifth electronic switch 135 1s adjusted to a
very small one so as to effectively lengthen the time period
for charging and discharging.

Furthermore, the size of a chip 1n a large-scale integrated
neuron 1s very small, so 1t requires that the capacitance
should be very small (e.g. the capacitance of the second
capacitor C0 1s 1-10 pF) and the current should be very
small. The homeostatic circuit 100 for neural networks can
accurately adjust the current IDS between the drain elec-
trode and the source electrode of the fifth electronic switch
15 to a very small value by predetermining the values of V1,
V2, VR and VB2, and charge and discharge the second
capacitor C0 slowly through IDS so as to lengthen the
adjusting time of the homeostatic circuit 100 for neural
networks to several hours.

Furthermore, the voltage VDS between the drain elec-
trode and the source electrode of the fifth electronic switch
15 1s very small, so 1t helps to reduce the diffusion of
minority carriers.

Furthermore, the fifth electronic switch 15 further
includes a bulk electrode and the bulk electrode receives the
reference voltage VR. The reference voltage of the bulk
clectrode of the fifth electronic switch 15 1s VR and the
voltage of the drain electrode of the fifth electronic switch 15
1s V4. Under the second amplifier 321, V4=VR so that the
current IDB between the drain electrode and the bulk
clectrode of the fifth electronic switch 15 1s approximately
0, and 1n other words, the current between the drain elec-
trode and the bulk electrode of the fifth electronic switch 15
1s eflectively eliminated and the impact of the current IDB
between the drain electrode and the bulk electrode on the
current IDS between the drain electrode and the source
clectrode 1s reduced so that the accuracy of IDS 1s eflectively
controlled.

Furthermore, the oxide layer thickness of the gate elec-
trode of the fifth electronic switch 135 1s about 5 nm and the
voltage VDG between the gate electrode and the drain
electrode of the fifth electronic switch 15 1s about 0.5V, so
that the density of the leakage current of the gate electrode
of the fifth electronic switch 15 is about 10™° A/m” while the
leakage current between the gate electrode and the drain
clectrode of the fifth electronic switch 135 1s eflectively
reduced.

In other words, in the present patent application, the
undesired leakage current of the fifth electronic switch 15
(1.e. leakage current between the bulk electrode and the drain
clectrode and leakage current between the gate electrode and
the drain electrode) 1s eliminated as much as possible and
only wanted current 1s retained (1.e. the current IDS between
the source electrode and the drain electrode), so that the
charging and discharging current IDS and the time period for
charging and discharging can be accurately controlled.

Compared with the conventional homeostatic circuits for
neural networks, 1n the present patent application, the cur-
rent of the homeostatic circuit for neural networks 1s very
small, so the power consumption 1s very low. Besides, the
homeostatic circuit for neural networks can be implemented
with common electronic components with low cost. At the
same time, the current i1s very small, so the capacitance 1s
very low and the size of the chip 1s very small, which helps
to realize large-scale and high density integration with other
artificial neural computing systems.

While the present patent application has been shown and
described with particular references to a number of embodi-
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ments thereot, 1t should be noted that various other changes
or modifications may be made without departing from the
scope of the present mnvention.

What 1s claimed 1s:
1. A homeostatic circuit for neural networks configured to
keep a total synaptic driving current 1in a predetermined
range around an optimal operating point, the homeostatic
circuit for neural networks comprising:
a feedback circuait;
a first electronic switch;
a synapse circuit;
a second electronic switch:
a third electronic switch;
a first capacitor; and
a fourth electronic switch; wherein:
the feedback circuit 1s configured to receirve the total
synaptic driving current and output a feedback voltage
which varies with the total synaptic driving current;

the first electronic switch 1s electrically connected with
the synapse circuit and the second electronic switch and
configured to receive the feedback voltage and output
a current control signal according to the feedback
voltage;

the gate electrode of the first electronic switch is electri-

cally connected with the feedback circuit;

the second electronic switch is electrically connected with

the synapse circuit and the third electronic switch and
configured to output a first voltage signal according to
the current control signal;

the drain electrode of the third electronic switch 1s elec-

trically connected with the feedback circuait;

the third electronic switch 1s configured to adjust the total

synaptic driving current in a direction opposite to
variation tendency of the total synaptic driving current
according to the first voltage signal so as to keep the
total synaptic driving current in the predetermined
range;

one end of the first capacitor 1s electrically connected with

a power supply voltage while the other end of the first
capacitor 1s electrically connected with the third elec-
tronic switch;

the total synaptic dniving current is produced by the

integrating effect of the homeostatic circuit for neural
networks through the first capacitor;

the fourth electronic switch is electrically connected with

the second electronic switch and configured to provide
a constant current for the second electronic switch so
that variation tendency of the first voltage signal 1s the
same as variation tendency of the current control sig-
nal;

the feedback circuit comprises a comparator and a control

voltage generator which are electrically connected with
each other;

the comparator comprises a first input port, a second 1nput

port and an output port;
the first mput port 1s configured to receive a reference
current, the second input port being configured to
receive the total synaptic driving current and the output
port being configured to output a second voltage signal;

the control voltage generator 1s configured to receive the
second voltage signal and produce the feedback volt-
age;

the control voltage generator comprises a fifth electronic

switch, a first voltage module, a second voltage mod-
ule, a third voltage module and a second capacitor, the
fifth electronic switch being electrically connected with




US 11,544,528 B2

15

the first voltage module, the second voltage module, the
third voltage module and the second capacitor;

the first voltage module 1s configured to provide a first
comparison voltage for the fifth electronic switch;

the second voltage module 1s configured to provide a
second comparison voltage for the fifth electronic
switch;

the third voltage module 1s configured to control conduct-
ing state of the fifth electronic switch;

the second capacitor 1s configured to output the feedback
voltage;

when the first comparison voltage 1s greater than the
second comparison voltage, the second capacitor 1s
controlled by the fifth electronic switch to be charged;
and

when the first comparison voltage 1s lower than the
second comparison voltage, the fifth electronic switch
controls the second capacitor to be discharged so as to

control the feedback voltage to vary slowly.
2. The homeostatic circuit for neural networks of claim 1,
wherein the first electronic switch and the second electronic

switch are N-type Metal-Oxide Semiconductor Field Effect
Transistors while the third electronic switch, the fourth
clectronic switch and the fifth electronic switch are P-type
Metal-Oxide Semiconductor Field Effect Transistors.

3. A homeostatic circuit for neural networks configured to
keep a total synaptic driving current in a predetermined
range around an optimal operating point, the homeostatic
circuit for neural networks comprising:

a feedback circuait;

a first electronic switch;

a synapse circuit;

a second electronic switch;

a third electronic switch; and

a first capacitor; wherein:

the feedback circuit 1s configured to receive the total

synaptic driving current and output a feedback voltage
varying with the total synaptic driving current;

the first electronic switch 1s electrically connected with

the synapse circuit and the second electronic switch and
configured to receive the feedback voltage and output
a current control signal according to the feedback
voltage;

the gate electrode of the first electronic switch 1s electri-

cally connected with the feedback circuit;

the second electronic switch 1s electrically connected with

the synapse circuit and the third electronic switch and
configured to output a first voltage signal according to
the current control signal;

the drain electrode of the third electronic switch 1s elec-

trically connected with the feedback circuait;

the third electronic switch 1s configured to adjust the total

synaptic driving current in a direction opposite to
variation tendency of the total synaptic driving current
according to the first voltage signal so as to keep the
total synaptic driving current in the predetermined
range;

one end of the first capacitor 1s electrically connected with

a power supply voltage while the other end of the first
capacitor 1s electrically connected with the third elec-
tronic switch; and

the total synaptic driving current 1s produced by the

integrating effect of the homeostatic circuit for neural
networks through the first capacitor.

4. The homeostatic circuit for neural networks of claim 3,

wherein variation tendency of the feedback voltage, the
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current control signal and the first voltage signal 1s the same
as variation tendency of the total synaptic driving current.

5. The homeostatic circuit for neural networks of claim 4
further comprising a fourth electronic switch, wherein the
fourth electronic switch 1s electrically connected with the
second electronic switch and configured to provide a con-
stant current for the second electronic switch so that varia-
tion tendency of the first voltage signal i1s the same as
variation tendency of the current control signal.

6. The homeostatic circuit for neural networks of claim 5,
wherein the first electronic switch and the second electronic
switch are N-type Metal-Oxide Semiconductor Field Effect
Transistors; the third electronic switch and the fourth elec-
tronic switch are P-type Metal-Oxide Semiconductor Field
Eflect Transistors; the drain electrode of the first electronic
switch 1s electrically connected with a power supply voltage,
and the source electrode of the first electronic switch 1s
clectrically connected with the synapse circuit; the gate
clectrode of the second electronic switch 1s electrically
connected with the gate electrode of the third electronic
switch, the drain electrode of the second electronic switch
being electrically connected with the drain electrode of the
fourth electronic switch, and the source electrode of the
second electronic switch being electrically connected with
the synapse circuit; the source electrode of the third elec-
tronic switch 1s electrically connected with the power supply
voltage; the gate electrode of the fourth electronic switch 1s
clectrically connected with a first biasing voltage and the
source electrode of the fourth electronic switch 1s electri-
cally connected with the power supply voltage.

7. The homeostatic circuit for neural networks of claim 6,
wherein the feedback circuit comprises a comparator and a
control voltage generator which are electrically connected
with each other; the comparator comprises a {irst input port,
a second 1nput port and an output port; the first input port 1s
configured to recerve a reference current; the second 1nput
port 1s configured to receive the total synaptic driving
current; the output port 1s configured to output a second
voltage signal; the control voltage generator 1s configured to
receive the second voltage signal and produce the feedback
voltage.

8. The homeostatic circuit for neural networks of claim 7,
wherein the control voltage generator comprises a fifth
clectronic switch, a first voltage module, a second voltage
module, a third voltage module and a second capacitor, the
fifth electronic switch being electrically connected with the
first voltage module, the second voltage module, the third
voltage module and the second capacitor; the first voltage
module 1s configured to provide a first comparison voltage
for the fifth electronic switch; the second voltage module 1s
configured to provide a second comparison voltage for the
fifth electronic switch; the third voltage module 1s config-
ured to control conducting state of the fifth electronic
switch; the second capacitor i1s configured to output the
teedback voltage; when the first comparison voltage 1is
greater than the second comparison voltage, the second
capacitor 1s controlled by the fifth electronic switch to be
charged; when the first comparison voltage 1s lower than the
second comparison voltage, the fifth electronic switch con-
trols the second capacitor to be discharged so as to control
the feedback voltage to vary slowly.

9. The homeostatic circuit for neural networks of claim 8,
wherein the first voltage module comprises a sixth electronic
switch, a seventh electronic switch, a first amplifier and an
cighth electronic switch; the second voltage module com-
prises a second amplifier; the third voltage module com-
prises a minth electronic switch; the fifth electronic switch,
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the sixth electronic switch, the eighth electronic switch and
the ninth electronic switch are P-type Metal-Oxide Semi-
conductor Field Effect Transistors; the seventh electronic
switch 1s an N-type Metal-Oxide Semiconductor Field Effect
Transistor; the source electrode of the fifth electronic switch
1s electrically connected with the first voltage module; the
drain electrode of the fifth electronic switch 1s electrically
connected with the second voltage module and the second
capacitor; the gate electrode of the fifth electronic switch 1s
clectrically connected with the third voltage module; the
gate electrode of the sixth electronic switch receives the
second voltage signal; the source electrode of the sixth
clectronic switch receirves a first predetermined voltage; the
drain electrode of the sixth electronic switch 1s electrically
connected with the positive mput port of the first amplifier;
the gate electrode of the seventh electronic switch receives
the second voltage signal; the drain electrode of the seventh
clectronic switch receives a second predetermined voltage;
the source electrode of the seventh electronic switch 1s
clectrically connected with the positive mnput port of the first
amplifier; the negative input port of the first amplifier 1s
clectrically connected with the output port of the first
amplifier and the source electrode of the eighth electronic
switch; the gate electrode of the eighth electronic switch
receives a reset voltage; the drain electrode of the eighth
electronic switch 1s electrically connected with the source
clectrode of the fifth electronic switch; the negative input
port of the second amplifier 1s electrically connected with
the drain electrode of the fifth electronic switch; the positive
iput port of the second amplifier receives a reference
voltage; the output port of the second amplifier 1s electrically
connected with a port of the second capacitor which outputs
the feedback voltage; the gate electrode of the ninth elec-
tronic switch receives the reset voltage; the source electrode
of the ninth electronic switch receives a second biasing
voltage; the drain electrode of the ninth electronic switch 1s
clectrically connected with the gate electrode of the fifth
clectronic switch.

10. The homeostatic circuit for neural networks of claim
9, wherein the control voltage generator further comprises a
reset module; the reset module 1s electrically connected with
the second capacitor and configured to discharge the second
capacitor completely so as to deplete the charges of the
second capacitor and reset the second capacitor; the reset
module comprises a tenth electronic switch and an eleventh
clectronic switch; the tenth electronic switch 1s an N-type
Metal-Oxide Semiconductor Field Effect Transistor while
the eleventh electronic switch 1s a P-type Metal-Oxide
Semiconductor Field Effect Transistor; the gate electrode of
the tenth electronic switch receives the reset voltage, the
source electrode of the tenth electronic switch being con-
nected to the ground, and the drain electrode of the tenth
clectronic switch being electrically connected with the gate
clectrode of the fifth electronic switch; the gate electrode of
the eleventh electronic switch receives a reversed voltage of
the reset voltage, the source electrode of the eleventh
clectronic switch being electrically connected with the
source electrode of the fifth electronic switch, the drain
clectrode of the eleventh electronic switch being electrically
connected with a port of the second capacitor which outputs
the feedback voltage; when the tenth electronic switch and
the eleventh electronic switch are conducted, the second
capacitor 1s discharged; when discharging of the second
capacitor 1s finished, the tenth electronic switch and the
cleventh electronic switch are disconnected.

11. A homeostatic circuit for neural networks configured
to keep a total synaptic driving current in a predetermined

10

15

20

25

30

35

40

45

50

55

60

65

18

range around an optimal operating point, the homeostatic
circuit for neural networks comprising:

a feedback circuit;

a first electronic switch;

a synapse circuit;

a second electronic switch;

a third electronic switch; and

a first capacitor; wherein:

the first electronic switch 1s electrically connected with

the synapse circuit and the second electronic switch and
configured to receive the feedback voltage and output
a current control signal according to the feedback
voltage;

the gate electrode of the first electronic switch 1s electri-

cally connected with the feedback circuit;

the second electronic switch is electrically connected with

the synapse circuit and the third electronic switch and
configured to output a first voltage signal according to
the current control signal;

the drain electrode of the third electronic switch 1s elec-

trically connected with the feedback circuait;

the third electronic switch 1s configured to adjust the total

synaptic driving current in a direction opposite to
variation tendency of the total synaptic driving current
according to the first voltage signal so as to keep the
total synaptic driving current in the predetermined
range; and

one end of the first capacitor 1s electrically connected with

a power supply voltage while the other end of the first
capacitor 1s electrically connected with the third elec-
tronic switch.

12. The homeostatic circuit for neural networks of claim
11, wherein the feedback circuit 1s configured to receive the
total synaptic driving current and output a feedback voltage
varying with the total synaptic driving current.

13. The homeostatic circuit for neural networks of claim
11, wherein the total synaptic driving current 1s produced by
the integrating effect of the homeostatic circuit for neural
networks through the first capacitor.

14. The homeostatic circuit for neural networks of claim
12, wherein vanation tendency of the feedback voltage, the
current control signal and the first voltage signal 1s the same
as variation tendency of the total synaptic driving current.

15. The homeostatic circuit for neural networks of claim
14 further comprising a fourth electronic switch, wherein the
fourth electronic switch 1s electrically connected with the
second electronic switch and configured to provide a con-
stant current for the second electronic switch so that varia-
tion tendency of the first voltage signal i1s the same as
variation tendency of the current control signal.

16. The homeostatic circuit for neural networks of claim
15, wherein the first electronic switch and the second
clectronic switch are N-type Metal-Oxide Semiconductor
Field Effect Transistors; the third electronic switch and the
fourth electronic switch are P-type Metal-Oxide Semicon-
ductor Field Effect Transistors; the drain electrode of the first
clectronic switch 1s electrically connected with a power
supply voltage, and the source electrode of the first elec-
tronic switch 1s electrically connected with the synapse
circuit; the gate electrode of the second electronic switch 1s
clectrically connected with the gate electrode of the third
electronic switch, the drain electrode of the second elec-
tronic switch being electrically connected with the drain
electrode of the fourth electronic switch, and the source
clectrode of the second electronic switch being electrically
connected with the synapse circuit; the source electrode of
the third electronic switch 1s electrically connected with the
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power supply voltage; the gate electrode of the fourth
clectronic switch 1s electrically connected with a first biasing
voltage and the source electrode of the fourth electronic
switch 1s electrically connected with the power supply
voltage.

17. The homeostatic circuit for neural networks of claim
16, wherein the feedback circuit comprises a comparator and
a control voltage generator which are electrically connected
with each other; the comparator comprises a {irst input port,
a second 1put port and an output port; the first input port 1s
configured to receive a reference current; the second 1nput
port 1s configured to receive the total synaptic driving
current; the output port 1s configured to output a second
voltage signal; the control voltage generator 1s configured to
receive the second voltage signal and produce the feedback
voltage.

18. The homeostatic circuit for neural networks of claim
17, wherein the control voltage generator comprises a fifth
clectronic switch, a first voltage module, a second voltage
module, a third voltage module and a second capacitor, the
fifth electronic switch being electrically connected with the
first voltage module, the second voltage module, the third
voltage module and the second capacitor; the first voltage
module 1s configured to provide a first comparison voltage
for the fifth electronic switch; the second voltage module 1s
configured to provide a second comparison voltage for the
fifth electronic switch; the third voltage module 1s config-
ured to control conducting state of the fifth electronic
switch; the second capacitor 1s configured to output the
teedback voltage; when the first comparison voltage 1is
greater than the second comparison voltage, the second
capacitor 1s controlled by the fifth electronic switch to be
charged; when the first comparison voltage 1s lower than the
second comparison voltage, the fifth electronic switch con-
trols the second capacitor to be discharged so as to control
the feedback voltage to vary slowly.

19. The homeostatic circuit for neural networks of claim
18, wherein the first voltage module comprises a sixth
clectronic switch, a seventh electronic switch, a first ampli-
fier and an eighth electronic switch; the second voltage
module comprises a second amplifier; the third voltage
module comprises a ninth electronic switch; the fifth elec-
tronic switch, the sixth electronic switch, the eighth elec-
tronic switch and the ninth electronic switch are P-type
Metal-Oxide Semiconductor Field Effect Transistors; the
seventh electronic switch 1s an N-type Metal-Oxide Semi-
conductor Field Effect Transistor; the source electrode of the
fifth electronic switch 1s electrically connected with the first
voltage module; the drain electrode of the fifth electronic
switch 1s electrically connected with the second voltage
module and the second capacitor; the gate electrode of the
fifth electronic switch 1s electrically connected with the third
voltage module; the gate electrode of the sixth electronic
switch receives the second voltage signal; the source elec-
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trode of the sixth electronic switch receives a first predeter-
mined voltage; the drain electrode of the sixth electronic
switch 1s electrically connected with the positive mput port
of the first amplifier; the gate electrode of the seventh
clectronic switch receives the second voltage signal; the
drain electrode of the seventh electronic switch receives a
second predetermined voltage; the source electrode of the
seventh electronic switch 1s electrically connected with the
positive mput port of the first amplifier; the negative input
port of the first amplifier 1s electrically connected with the
output port of the first amplifier and the source electrode of
the eighth electronic switch; the gate electrode of the eighth
clectronic switch receives a reset voltage; the drain electrode
of the eighth electronic switch 1s electrically connected with
the source electrode of the fifth electronic switch; the
negative mput port of the second amplifier 1s electrically
connected with the drain electrode of the fifth electronic
switch; the positive imput port of the second amplifier
receives a reference voltage; the output port of the second
amplifier 1s electrically connected with a port of the second
capacitor which outputs the feedback voltage; the gate
clectrode of the ninth electronic switch receives the reset
voltage; the source electrode of the ninth electronic switch
receives a second biasing voltage; the drain electrode of the
ninth electronic switch 1s electrically connected with the
gate electrode of the fifth electronic switch.

20. The homeostatic circuit for neural networks of claim
19, wherein the control voltage generator further comprises
a reset module; the reset module 1s electrically connected
with the second capacitor and configured to discharge the
second capacitor completely so as to deplete the charges of
the second capacitor and reset the second capacitor; the reset
module comprises a tenth electronic switch and an eleventh
clectronic switch; the tenth electronic switch 1s an N-type
Metal-Oxide Semiconductor Field Effect Transistor while
the eleventh electronic switch 1s a P-type Metal-Oxide
Semiconductor Field Effect Transistor; the gate electrode of
the tenth electronic switch receives the reset voltage, the
source e¢lectrode of the tenth electronic switch being con-
nected to the ground, and the drain electrode of the tenth
clectronic switch being electrically connected with the gate
clectrode of the fifth electronic switch; the gate electrode of
the eleventh electronic switch receives a reversed voltage of
the reset voltage, the source eclectrode of the eleventh
clectronic switch being electrically connected with the
source electrode of the fifth electronic switch, the drain
clectrode of the eleventh electronic switch being electrically
connected with a port of the second capacitor which outputs
the feedback voltage; when the tenth electronic switch and
the eleventh electronic switch are conducted, the second
capacitor 1s discharged; when discharging of the second
capacitor 1s finished, the tenth electronic switch and the
cleventh electronic switch are disconnected.
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